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Abstract

Background: To analyze the diagnostic value of color Doppler imaging (CDI) of blood flow in the retrobulbar vessels of eyes
with primary open-angle glaucoma (POAG).

Methods: Pertinent publications were retrieved from the Cochrane Central Register of Controlled Trials, PubMed and the ISI
Web of Knowledge up to October 2012. Changes in peak systolic velocity (PSV), end diastolic velocity (EDV) and resistive
index (RI) of the ophthalmic artery (OA), central retinal artery (CRA) and short posterior ciliary artery (SPCA) of POAG eyes
and normal controls were evaluated by CDI. Subgroup analyses were conducted according to whether patients received
IOP-lowering drugs treatment and were defined as treated and untreated.

Results: PSV and EDV were statistically significantly reduced in the OA of POAG eyes (P=0.0002; P<<0.00001; respectively),
with significant heterogeneity (Phererogeneity<<0.00001, *=94%; Pheterogeneiy<<0-00001, ¥ =85%; respectively). Similar results
were demonstrated for the CRA (P<<0.00001; respectivelgl) and SPCA (P=0.005; P<<0.00001; respectively), with significant
heterogeneities for both the CRA (Ppeterogeneity<<0.00001, [ =81%; Pheterogeneity<0.00001, P2 = 98%; respectively) and the SPCA
(Pheterogeneity<<0.00001, P =96%; Pheterogeneity<<0.00001, P =93%; respectively). Significant increases in Rl were found in all
retrobulbar vessels (P<<0.00001; respectively), with significant heterogeneities (Pheterogeneity<<0.00001, I? = 95%; Pz
ity<0.00001, I =94%; Ppererogeneiy<0.00001, > =97%; respectively).

Conclusions: This meta-analysis suggests that CDI is a potential diagnostic tool for POAG.
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Introduction

Primary open-angle glaucoma (POAG) is multifactorial in
origin and characterized by optic nerve head excavation, visual
field defects and psychophysical changes [1]. One hypothesis for
the pathogenesis of POAG is that a mechanical mechanism that
elevated IOP blocks optic neuronal axoplasmic flow in the
madreporite, ultimately leading to apoptosis of the ganglion cell
[2]. However, despite therapeutic IOP reduction, some patients
still show signs of disease progression, which indicates that other
factors might be involved in the glaucomatous damage. Recently,
a hypothesis concerning the vasogenic mechanism of POAG was
suggested that considers vascular dysregulation [3-5]. Inability of
the perfusion system to adapt to tissue blood flow requirements or
changes in perfusion pressure may lead to chronically low or
unstable ocular perfusion [6], which in turn may cause ischemia,
oxidative stress or both, possibly leading to glaucomatous damage
to the optic nerve head. It seems that vascular factors are
important in the development and progression of POAG.
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Various techniques have been used to evaluate ocular blood
flow in patients with POAG, such as scanning ophthalmoscopy
[7], scanning laser Doppler flowmetry [8,9] and pulsatile ocular
blood flow [10,11]. Compared with these techniques, color
Doppler imaging (CDI) has particular advantages in that it is
noninvasive, is not affected by poor ocular media, requires no
contrast or radiation, and has been used in ophthalmology for 20
years [12,13]. This ultrasound technique combines simultaneous
B-mode ultrasound imaging with colors representing movement
based on Doppler frequency shifts. It allows the assessment of
blood flow velocities including peak systolic velocity (PSV) and end
diastolic velocity (EDV) in the ophthalmic artery (OA), central
retinal artery (CRA) and short posterior ciliary artery (SPCA). In
addition, resistive index (RI), a measure of peripheral vascular
resistance, can be calculated for each retrobulbar vessel.

Numerous studies have reported reduced PSV and EDV and
increased RI in the OA, CRA and SPCA in eyes of POAG [14—
16]. Some studies have found reduced blood flow velocities and
increased RI in only one [17-19] or two [20,21] retrobulbar
vessels. To the authors’ knowledge, no systematic review of the
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evidence for the diagnostic potential of CDI in POAG has been
published. To obtain a better perspective of the above issues, we
performed a meta-analysis of the literature to quantify the value of
CDI in measuring the PSV, EDV and RI of the OA, CRA and
SPCA 1in eyes with POAG compared with normal control subjects
and to assess the diagnostic value of CDI in POAG.

Materials and Methods

Search and Selection

Two researchers independently searched the literature in three
databases — the Cochrane Central Register of Controlled Trials,
PubMed and the ISI Web of Knowledge — up to October 2012.
The search terms were ‘color Doppler imaging or colour Doppler
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imaging or Doppler ultrasound or CDI’, ‘ocular blood flow or
retrobulbar blood flow’ and ‘primary open-angle glaucoma or
POAG’ in various combinations, with the language limited to
English. The reference lists of case reports, studies and review
articles were also reviewed for any additional citations. Publica-
tions that involved the use of CDI measurements made in a supine
or sitting position in the diagnosis of POAG were included.

Inclusion Criteria

The definitions of POAG used in the included studies are shown
in Table S2. Normal control subjects had IOP=21 mm Hg,
normal optic disc appearance and no visual field defect.

Records identified through
other sources

(n=20)

database searching

(n=621)

Records identified through

Records after duplicates removed

(n=392)
( Records excluded based on titles and
v > abstracts
(n=359)

Records screened

(n=33)

A 4

Full-text articles assessed for eligibility

(n=27)

4 full-text articles excluded for below reasons:
2 had insufficient data for analysis
2 studies did not meet inclusion criteria
1 compared pseudoexfoliation syndrome with
pseudoexfoliation glaucoma

1 compared NTG with POAG

~

J

Studies included in this meta-analysis

(n=23)

Figure 1. Flowchart of the literature selection process.
doi:10.1371/journal.pone.0062723.g001
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POAG Control Mean Difference Mean Difference

—Study or Subgroup _Mean SD Total Mean  SD Total Weight IV, Random,95%Cl IV, Random,95%Cl
Treated

Birinci 2002 365 12 48 424 15 42 71% -5.90(-6.47,-5.33) -
Galambos 2006 345 24 40 308 29 40 6.9% 3.70 [2.53, 4.87) -
Galassi 2008 274 48 41 2801 64 38 59%  -0.61[-3.12,1.90] T
Garhofer 2010 525 78 253 546 65 198 68% -2.10[-3.42 -0.78) i
Gherghel 2000 3525 65 40 37 45 20 57%  -1.75[-4.57,1.07) =T
Gugleta 1999 3384 729 36 3584 628 36 54%  -2.00[-5.14,1.14) -
Hosking 2004 269 83 12 332 78 16 33% -6.30[-12.35,-0.25) -

Kaiser 1997 3705 131 159 389 05 124 71%  -1.85(-2.07,-1.63] B

Liu 1998 343 849 102 3955 775 102 62% -5.25[-7.48,-3.02) T
Martinez 1999 312 347 26 341 32 13 62% -290[-5.09 -0.71) g

Pemp 2012 27 7 20 30 9 20 40%  -3.00(-8.00,2.00] i B

Pinto 2012 37 11 8 377 17 81 44% -6.00[-10.37,-1.63) -
Sekeroglu 2011 415 112 25 526 128 25 29% -11.10[-17.77,-4.43) -
Stalmans 2009 33 117 19 458 16 22 21% -12.80[-21.31,-4.29) -

Yuksel 2001 3185 879 28 3583 992 30 41%  -3.98[-8.80,0.84) 1
Subtotal (95% ClI) 935 807 781% -3.25(-4.93,-1.57) ¢

Heterogeneity: Tau? = 7.99; Chi* = 298.76, df = 14 (P < 0.00001); I* = 95%
Test for overall effect: Z = 3.79 (P = 0.0001)

Untreated

Akarsu 2004 3476 461 19 3671 536 19 54%
Butt 1997 404 122 23 308 106 26 31%
Januleviciene 2008  27.27 961 30 3273 1405 30 33%
Simsek 2006 3913 9 44 3846 806 26 47%
Zhong 2009 3287 918 66 3955 724 44 55%
Subtotal (95% CI) 182 145 21.9%

Heterogeneity: Tau® = 22.26; Chi* = 23.98, df = 4 (P < 0,0001); I* = 83%
Test for overall effect: Z = 0.48 (P = 0.63)

Total (95% Cl) 1117 952 100.0%
Heterogeneity: Tau? = 8.08; Chi? = 322,79, df = 19 (P < 0.00001); I = 94%
Test for overall effect: Z = 3.77 (P = 0.0002)

Test for subaroun differences: Chi* =0.71.df =1 (P =040) = 0%

!

1.95(-5.13,1.23]
9.60 (3.16, 16.04)
-5.46-11.55, 0.63)
0.67 [-3.41, 4.75) T

6,68 -9.76, -3.60] -
113 [-5.76, 3.49) <>
-2.87 [-4.36, -1.38) L]
2 -0 0 10 20

Favours POAG Favours control

Figure 2. Results of PSV in OA. The forest plot showed the studies’ MDs in PSV in cm/s along with their associated 95%Cls, comparing POAG eyes
with normal controls. PSV was significantly decreased in OA in POAG eyes. Subgroup analysis showed that the heterogeneity in OA was due to both
the untreated and IOP-lowering drugs treatment subgroup. Negative values favored POAG eyes over normal controls; positive values favored normal

controls over POAG eyes.
doi:10.1371/journal.pone.0062723.g002

All relevant articles were extracted in print and the final
selection was based on discussion among the researchers. Studies
were included if they: (i) were randomized clinical controlled trials
or observational studies; and (ii) compared blood flow velocities
including PSV, EDV and RI in the OA, CRA and SPCA in
POAG and normal eyes. When multiple publications from the
same study population were available, we checked for duplicate
analysis and only the most recent publication was included. For
more detailed information, see the PRISMA checklist (Table S1).

Data Extraction

The following information was extracted by the investigators
independently from the published reports, using a standardized
protocol and reporting form: first author’s last name, year of
publication, country of origin, number of enrolled eyes, mean age
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of subjects, definition of POAG, type of treatment, and mean
change with standard deviations (SD) of measurement indicators.

Outcome Measures

All studies had PSV and EDV measured by CDI in the OA,
CRA and SPCA as major outcomes. PSV (cm/s) was defined as
the highest blood flow velocity achieved during systole and was
calculated from the frequency of the peak in the Doppler-shifted
waveform. EDV (cm/s) was defined as the lowest velocity
occurring during diastole and was calculated from the frequency
of the trough in the Doppler-shifted waveform. RI was calculated
according to the method of Pourcelot [22] as RI=(PSV - EDV)/
PSV.
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POAG Control Mean Difference Mean Difference

03 al Meg Random, 9 Random, 95%
Treated
Birinci 2002 95 03 46 108 03 42 15% -1.30[142,-1.18) .
Galambos 2006 87 06 40 108 05 40 108% -210(-2.34,-1.86) '
Galassi 2008 995 191 411046 199 38 56%  051(1.37,0.39) k|
Garhofer 2010 99 15 25 109 13 198 107% -1.00(1.26,0.74) '
Gherghel 2000 97 27 40 12 20 3% -130[251,009)
Hosking 2004 64 21 12 7 16 16 30% -060(-202,082 i i
Kaiser 1997 961 081 159 111 01 124 115% -149[162,1.3] !
Liu 1998 995 209 102 12223 102 77% -205[-264,1.46) =
Liv 1999 784 204 52 884 185 25 53% -1.00(191,009) M
Martinez 1999 1035 100 26 121 13 13 5% -175257,-0.93] =
Pinto 2012 101 31 86 19 43 81 40% -180(-29,-066) e
Rankin 1995 107 278 104 141439 56 35% -340(4.67,-213 _
Sekeroglu 2011 129 32 25 153 42 25 16% -240(447,0.3)) -
Stalmans 2009 8125 19 M 35 2 20% S0[74408) T
Yuksel 2001 11363 26 1283 266 30 24% -1.83(-348,-0.18) 1
Subtotal(95% CI) 1035 82 801% A3[19243) |
Heterogeneity: Tau? = 0,17, Chi* = 89,50, df = 14 (P < 0,00001); I* = 84%
Test for overall effect: Z = 1087 (P < 0.00001)
Untreated
Akarsu 2004 122 285 19 1276 263 19 21%  -1.54(:3.28,020) ]
Butt 1997 13 63 28 13 62 26 07% -170(4.92152 N
Januleviciene 2008 165 6.19 30 2054 784 30 06% A04[761-047) T
Simsek 2006 ny 3 4 1B275 26 3% 053085191 T
Zhong 2009 1049 275 66 1236 284 44 d4% -217(-3.24,-1.10] -
Subtotal (95% CI) 162 145 109%  -1.48(-2.90, -0.06] ‘
Heterogenelty: Tau? = 1.54; Chi*= 1,66, df =4 (P = 0.02) = 66%
Test for overall effect: 2= 2,04 (P = 0.04)
Total (95% CI) 1217 977 100.0% 1,601,688, +1.32) |
Heterogenelty: Tau? = .18; Ch = 10120, df = 9 (P < 0.00001) = 81% “ : 2 4

Testfor overall effect: Z = 11,09 (P < 0.00001)
Tast for subaroun differences: Chit = 0.04. df = 1 (P = 0.84). 1= 0%

Favours POAG Favours control

Figure 3. Results of PSV in CRA. PSV was significantly decreased in CRA. Subgroup analysis showed that the heterogeneity in CRA was due to

both the untreated and IOP-lowering drugs treatment subgroup.
doi:10.1371/journal.pone.0062723.g003

Statistical Analysis

RevMan software (Review Manager, Version 5.1; The
Cochrane Collaboration, 2011) was used for this meta-analysis.
For every included study, we calculated the mean difference (MD)
for the continuous outcomes (PSV, EDV or RI) along with 95%
confidence intervals (95%ClIs). The between-study heterogeneity
(i.e. the variation in findings not compatible with chance alone)
was tested using chi-square based Cochran’s statistics and the
inconsistency index (F) [28], which indicates the proportion of the
variability across studies that is due to heterogeneity rather than
sample error. Statistically significant heterogeneity was considered
to be present when Pieurogeneiy<<0.05 and F >50%. In the presence
of substantial heterogeneity (F >50%), a random effect model was

PLOS ONE | www.plosone.org

adopted as the pooling method; otherwise, a fixed effect model was
used. Beggar’s and Egger’s tests were used to determined
publication bias [24,25].

Topical antiglaucoma medications may influence ocular blood
flow by increasing flow velocities and reducing RI [26,27].
Subgroup analyses were conducted according to whether POAG
eyes received IOP-lowering drugs and were defined as treated and
untreated subgroups. The treated subgroup included eyes that
received IOP-lowering drugs and had well controlled IOP (data on
duration of medication use were not available); the untreated
subgroup included eyes with IOP>21 mm Hg that was newly
diagnosed and untreated. All data were displayed as forest plots.

May 2013 | Volume 8 | Issue 5 | e62723
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POAG Control Mean Difference Mean Difference
Treated
Birinci 2002 139 07 48 165 05 42 77% -260(-285,-23) '
Detorakis 2007 99 47 13 97 1 19 3% 020[:230,279) T
Galambos 2006 97 09 40 119 08 40 76% 220257183 .
Galassi 2008 131246 41 1273137 38 68% 037050124 T
Garhofer 2010 124 16 263 134 1 198 78% -100[1.24,-076) !
Hosking 2004 5119 12 6 14 16 5%% 09021803 -
Kaiser 1997 1078 075 159 1112 01 124 78% -0.34[046,02) !
Liv 1999 9021 258 82 986192 26 64% -059(162 044 T
Pemp 2012 103 22 20 107 37 20 45% 040(229,149) B
Pinto 2012 99 18 86 897 24 81 72  093[028159) o
Rankin 1995 85 158 104 99213 56 72% 140204 -076) -
Sekeroglu 2011 12 64 25 266 83 25 AT S40(951429 T
Stalmans 2009 99 31 19 128 39 2 0% 290504 -076) e
Yuksel 2001 125 321 26 1226 285 30 52%  -1.01[-258,0.56) -
Subtotal (95% CI) 900 736 83.3% +1.02(1.69,40.39) ¢
Heterogeneity: Tau? = 1.24; Chi* = 362,06, df = 13 (P < 0.00001); = 96%
Test for overall effect: Z = 2.9 (P = 0,003)
Untreated
Akarsu 2004 428 31 19 1497 242 19 48%  -074[251,103) T
Januleviciene 2008 15,02 565 30 17.06 661 30 26%  -204(5.15,1.07) i
Simsek 2006 15343 4 13 23 26 S52%  230(0.74, 386 -
Zhong 2009 2159 587 66 2291 509 M 42%  -1.32(:3.39,075) =T
Subtotal (95% CI) 159 19 167%  0.27(:230,1.77) +»
Heterogenetty. Tau? = 3.15; Chi* = 12,00, df = 3 (P = 0.007); = 75%
Test for overall effect: 2= 0.26 (P = 0.80)
Total (95% CI) 1059 855 100.0% -0.87 (1,49, 0.26) '
Heferogenely: Tau? = 126, Cht = 78,38, df = 17 P < 0.00001): = 9% A 5 0 5 1*0

Test for overalleffect: Z = 2.78 (P = 0,006)
Tost for subaroun differances: Chi* = 0.47.df =1 (P = 0.49). = 0%

Favours POAG Favours control

Figure 4. Results of PSV in SPCA. PSV was significantly decreased in SPCA. Subgroup analysis showed that the heterogeneity in SPCA was due to

both the untreated and IOP-lowering drugs treatment subgroup.
doi:10.1371/journal.pone.0062723.g004

Results

Study Characteristics

Figure 1 summarizes the selection of eligible studies. Twenty-
three prospective observational studies of 1286 eyes with POAG
and 1052 controls were included in the meta-analysis. Eighteen of
the studies concerned POAG eyes that received IOP-lowering
drugs and had well controlled IOP [14,21,28-43]; five studies
concerned newly diagnosed and untreated POAG [19,44-47].
CDI was conducted in a sitting position in three studies [31,40,44]
and in a supine position in the remaining 20 studies [14,19,21,28—
30,32-39,41-43,45-47]. All of the included studies were of
reasonably good quality.

PLOS ONE | www.plosone.org

The detailed characteristics of the participants in the 23 studies
are given in Table S2. The subjects’ ages ranged from 38.6 to 83.9
years old; the gender distributions of POAG patients and normal
control subjects were similar. Clinical heterogeneity was observed
in several areas, including the specific characteristics of glaucoma
and different treatment protocols. However, these factors were not
reported consistently in the publications and hence were not
analyzed here.

Summary Results for PSV, EDV and RI

PSV. Differences in the mean change in PSV for each
retrobulbar vessel, along with SDs and 95%Cls, are outlined in the
forest plot displayed in Figure 2, 3 and 4. The dots represent MDs;
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POAG Control Mean Difference Mean Difference
R 9 Random, 95%

Treated
Birinci 2002 97 04 48 116 08 42 1.0% 190217163 :
Galambos 2006 626 08 40 62 12 40 98%  0.05[-040,050) [
Galassi 2008 68 121 41 774188 36 7.9% -094[164,-0.4] i
Garhofer 2010 78 11 283 88 07 198 15% -1.00(-1.17,-0.83) !
Gherghel 2000 126 256 40 79 27 20 39% -0.65[-2.06,076) T
Guglta 1999 666 266 3 777267 %6 AT A11[234,042 b
Hosking 2004 § 25 12 98 28 16 24% -180[377.017) ]
Kaiser 1997 781038 159 915 02 124 17% 13414121 !
Liu 1998 831 334 102 1115 331 102 64% -284[-375,-193) -
Martinez 1999 65 182 26 92 25 13 35% -270[423,117) =
Pemp 2012 56 23 20 65 3 20 31% -0.90(-256,076) =T
Pinto 2012 593 3 86 685 39 81 55% -092[196,014) B
Sekeroglu 2011 M8 46 25 142 51 25 14%  -240(5.09,0.29) ]
Stalmans 2009 62 37 19 104 61 2 1% 420[7.4 1.16) e
Yuksel 2001 696 276 26 1243 424 30 27% -547[7.30,-364) -
Subtotal (95% C) 9 807 86.7% A44[.80,1.08) f
Heterogeneity: Tau? = 0.24; Chi* = 109.20, df = 14 (P < 0.00001); = 87%
Test for overal effect: 2 = 7,89 (P < 0,00001)
Untreated
Akarsu 2004 1047 343 19 1257 256 19 27% -240(4.22,-0.58) -
Butt 1997 78 39 28 83 31 26 24% -0.50(-249,149) T
Januleviciene 2008 593 323 30 899 471 30 23% -306(5.10,-1.02) -
Simsek 2006 1065 517 44 1138 236 26 28%  -0.73[-251,1.05) T
Zhong 2009 872 421 66 1264 436 44 32% -392(5.56,-2.2) -
Subtotal (95% CI) 162 145 13.3% -215[-3.48,0.62) ‘
Heterogenety: Tau? = 1.41; Chi* = 1038, df =4 (P =0.03); I = 61%
Test for overal effect: 2 = 3.7 (P=0,002)
Total (95% Cl) 1 952 100.0%  +1.55(1.89, +1.20] |
Heterogenelty: Tau? = 0.26; Ci*= 124,17, df = 19 (P < 000001 ; = 85% ! 5 : 5 1’0

Test for overal effect: Z = 8,87 (P < 0,00001)
Tast for subaroun differences: Chi = 1.03. df=1(P=0.31). F=26%

Favours POAG Favours control

Figure 5. Results of EDV in OA. The forest plot showed the studies’ MDs in EDV in cm/s along with their associated 95%Cls, comparing POAG eyes
with normal controls. EDV was significantly decreased in OA in POAG eyes. Subgroup analysis showed the heterogeneity in OA was due to both the
untreated and IOP-lowering drugs treatment subgroup. Negative values favored POAG eyes over normal controls; positive values favored normal

controls over POAG eyes.
doi:10.1371/journal.pone.0062723.g005

the whiskers extending from the dots show the associated 95%Cls.
Values on the left side of the vertical line at 0 represent greater
changes in PSV in normal controls; values on the right side of the
vertical line represent greater changes in eyes with POAG.
95%Cls that do not intersect with the vertical line at 0 indicate the
results that were statistically significant at the 0.05 level.
Significant reductions in PSV in the OA and CRA of POAG
eyes were found in 20 studies, with a total summary MDs of —
2.87 cm/s (95%CI: —4.36 to —1.38, P=0.0002; Figure 2) and —
1.60 cm/s (95%CI: —~1.88 to —1.32, P<<0.00001; Figure 3) and
significant heterogeneities (Pheerogeneiy<<0.00001, P =94%; Pheterogene-

PLOS ONE | www.plosone.org

»<0.00001, F=81%; respectively). Significant reductions in PSV
in the SPCA of POAG eyes were demonstrated in 18 studies, with
a MD of —0.87 cm/s (95%CI: —1.49 to —0.26, P=0.005; Figure 4)
and significant heterogeneity (Pheterogencity<<0-00001, 2= 96%).
Subgroup analysis of PSV in the OA, CRA and SPCA found
significant heterogeneities in both the treated and untreated
subgroups (Pheserogeneity<0.00001, F=95% and Photerogeneity<0.0001,
F=83%, Figure 25 Phumgnin<0.00001, F=84% and Phugn.
i =0.02, F'=66%, Figure 3; Phuognein<0.00001, I’=96% and
Phrterngenciry = 0.007, I = 75%, Figure 4).
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POAG Control Mean Difference Mean Difference
_StudyorSubgroup Mean SO Total Mean SO Total Weight IV, Random, 95% €I 1Y, Random, 95% €I
Treated
Birinei 2002 28 02 48 43 02 42 65% -150(158-142) :
Galambos 2006 19 02 40 28 03 40 65% 090101079 '
Galassi 2008 522105 41 555 078 38 54% -0.33[0.74,0.08) ™
Garhofer 2010 22 02 25 25 03 198 66% -0.30(-0.35-0.29) '
Gherghel 2000 22088 40 29 07 20 53% -070[111,-029 "
Hosking 2004 15 04 12 17 06 16 55% 0200057017 T
Kaiser 1997 225 006 159 323 007 124 66% -098[1.00,-0.9] :
Liu 1998 357111 102 52 19 102 52%  -1.63(-2.06,1.20) -
Liu 1999 177105 52 231073 25 54% -0.60(-1.00,-0.20) -
Martinez 1999 26 07 26 37 09 13 46% -1.10[-166-0.54) -
Pinto 2012 27 09 86 32 12 81 57% -050082-0.18) -
Rankin 1995 26 11 104 435145 56 52% -1.75[:218,132) kA
Sekeroglu 2011 371 2% 45 13 25 42%  -080(144,-0.16) =
Stalmans 2009 20 04 19 37 12 2 AT% 30183077 i
Yuksel 2001 25079 26 413 119 30 48%  -183[:21511) .
Subtotal (95% CI) 1035 832 822% -0.93[1.47,-0.69) ¢
Heterogeneity: Tau? = 0.19; Chi* = 937.26, df = 14 (P < 0.00001); = 99%
Test for overall effect; 2 = 7.60 (P < 0,00001)
Untreated
Akarsu 2004 359 145 19 459 131 19 32% -100(188,-012 B
Butt 1997 16 14 28 3 16 26 33% -140(-224,-0.56) e
Januleviciene 2008~ 544 232 30 473 293 30 19% 071063 20 N
Simsek 2006 395098 44 428 072 26 54% -0.28(:068 012 Ed |
Zhong 2009 35174 66 47T AT 44 A% 1.27(1.94,-060) -
Subtotal (95% Cl) 182 15 178% 0.73[.36,-0.10) &
Heterogenety: Tau? = 0.35; Chi* = 14.20,df = 4 (P = 0.007); I = 72%
Test for overall effect: 2= 2.27 (P=0.02)
Total (95% CI) 117 977 100.0%  -0.90 (.12, -0.68) ¢
Heterogenelty: Tau? = 0.19; Chi* 965,46, df = 19 (P < 000001 ;= 98% 2 1 : 1 i

Test for overal effect: Z = 8,08 (P < 0,00001)
Tost for subaroun differances: Chit = 0.35. df = 1 (P = 0.55). [ = 0%

Favours POAG  Favours control

Figure 6. Results of EDV in CRA. EDV was significantly decreased in CRA in POAG eyes. Subgroup analysis showed the heterogeneity in CRA was

due to both the untreated and IOP-lowering drugs treatment subgroup.

doi:10.1371/journal.pone.0062723.g006

EDV. TFigure 5, 6 and 7 show the forest plot for EDV in the
OA, CRA and SPCA comparing POAG eyes with controls.
Similar to the PSV outcomes, POAG eyes had significantly lower
EDV in the OA with a MD of —1.55 cm/s (95%CI: —1.89 to —
1.20, P<0.00001; Figure 5), in the CRA with a MD of —0.90 cm/s
(95%CI: —1.12 to —0.68, P<<0.00001; Figure 6) and in the SPCA
with a MD of —0.53 cm/s (95%CI: —0.71 to —0.36, P<<0.00001;
Figure 7). The heterogeneity was significant for the EDV in each
retrobulbar  vessel  (Ppeserogeneiy<<0.00001, F=85%; Pheterogene-
i<0.00001, F=98%; Phrgenci<0.00001, I =93%; respective-
ly). Subgroup analysis of EDV in the OA, CRA and SPCA found
significant heterogeneities in both the treated and untreated
Subgroups  (Presorogenein<0.00001, F=87% and Pigeniry = 0.03,

PLOS ONE | www.plosone.org

F=6 1%, Figure 55 Prorogoniy<0.00001, F=99% and Phigen
i =0.007, I =72%, Figure 6; Piogniy<0.00001, ' =94% and
Prrterogeneiy<0.00001, I = 89%, Figure 7).

RI. The results for RI in the OA, CRA and SPCA are shown
in Figure 8, 9 and 10. Significant increases were observed; the MD
was 0.04 in the OA (95%CI: 0.03 to 0.05, P<<0.00001; Figure 8),
0.06 in the CRA (95%CI: 0.04 to 0.07, P<0.00001; Figure 9) and
0.04 in the SPCA (95%CI: 0.03 to 0.06, P<0.00001; Figure 10),
with significant heterogeneities  (Pyerogencity<<0.00001, F=95%;
Protorsgonciy<0.00001, I =94% Phtorsgoncin<0.00001, I =97%; re-
spectively). Subgroup analysis demonstrated that the heterogene-
ities in OA and CRA were due to IOP-lowering drug treatment
(Pretorogeneiy<0.00001,  F*=96%;  Photersgenei’<<0.00001, 1°=95%;
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Figure 7. Results of EDV in SPCA. EDV was significantly decreased in SPCA in POAG eyes. Subgroup analysis showed the heterogeneity in SPCA
was due to both the untreated and IOP-lowering drugs treatment subgroup.

doi:10.1371/journal.pone.0062723.g007

Figure 8 and 9). The heterogeneity in the SPCA was significant in
both the treated and untreated subgroups (Pheergeneiry<<0.00001,
I =98%; Phoieragonciry =0.0005, I = 83%; Figure 10).

Discussion

POAG has long been recognized as the major cause for legal
blindness worldwide [48]. For decades, extensive studies have been
conducted in attempts to identify the precise pathogenesis of
POAG and potential diagnostic methods for its detection.

This meta-analysis was conducted to evaluate the differences in
blood flow parameters in the retrobulbar vessels using CDI. CDI
measures blood flow velocity but not actual blood flow, because it

PLOS ONE | www.plosone.org

is impossible to determine accurately the diameter of orbital vessels
in vivo with this technique. Despite this limitation, blood flow
velocity is probably a good indicator of blood flow within a given
vessel [49,50]. We found that, in eyes with POAG, PSV and EDV
in the OA, CRA and SPCA were significantly decreased, whereas
the RI in these retrobulbar vessels was significantly increased. The
general consensus is that the main blood supply of the anterior
optic nerve head is derived from the SPCA, with small
contributions from the pial vessels and CRA; the retina derives
its blood supply mainly from the CRA. Both the CRA and the
SPCA are branches of the OA, which is the main arterial supply to
the eyes; therefore, the hemodynamic parameters of the OA, CRA
and SPCA reflect local blood supply conditions in the optic disc
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Figure 8. Results of Rl in OA. The forest plot showed the studies’ MDs in Rl along with their associated 95%Cls, comparing POAG eyes with normal
controls. Rl was significantly increased in OA in POAG eyes. Subgroup analysis demonstrated the heterogeneity in OA was due to the IOP-lowering
drugs treatment. Negative values favored POAG eyes over normal controls; positive values favored normal controls over POAG eyes.

doi:10.1371/journal.pone.0062723.g008

and retina. PSV reflects the strength of vessel perfusion, whereas
EDV reflects the blood perfusion of distal organs and is a sensitive
indicator of increased downstream impedance. RI is considered to
reflect vascular resistance peripheral to the location where the
measurements is made, but is not equivalent to vascular resistance
because it depends on both vascular resistance and vascular
compliance; only at high vascular compliance is RI an adequate
measure of vascular resistance. However, the association of lower
EDV with higher RI could be explained by increased vascular
resistance [51,52] and changes in resistance affect diastolic blood
flow velocity more than systolic velocity [50], which further
aggravates the ischemia of organs. Therefore, decreased blood

PLOS ONE | www.plosone.org

velocity and increased RI can result in ischemia of the optic disc
and, ultimately, glaucomatous damages to the optic nerve head
[6].

In this meta-analysis, we found that PSV and EDV were
decreased in each retrobulbar vessel in both untreated and IOP-
controlled POAG eyes. Considering that the retinal nerve fiber
layer in eyes with POAG has been reported to be thinner than that
in normal eyes [53,54], we believe that retrobulbar blood flow
reductions affect not only the optic disc, but also the retina.
Apoptosis of ganglion cells is probably due to blood flow reduction
in the CRA, which is the main artery supplying the inner retina.
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Figure 9. Results of Rl in CRA. Rl was significantly increased in CRA in POAG eyes. Subgroup analysis demonstrated the heterogeneity in CRA was

due to the IOP-lowering drugs treatment.
doi:10.1371/journal.pone.0062723.g009

The primary limitation of this meta-analysis was that observa-
tional studies rather than randomized clinical controlled trials
were included. Furthermore, only studies published in English
were involved.

Publication bias could have distorted our findings, though no
significant publication bias was found. Funnel plots were
symmetric (Data not shown) and consistent results were obtained
from the Beggar’s and Egger’s tests. Nevertheless, publication bias
remains a possibility because studies that report statistically
significant results are more likely to be published than those that
report non-significant results. Moreover, we did not include
unpublished data from conference abstracts, dissertations or
pharmaceutical companies.

PLOS ONE | www.plosone.org

There was considerable heterogeneity between the studies
assessed here, which may be attributable to patient characteristics,
types of antiglaucoma medications used, sample size, diagnostic
bias, operator experience or CDI devices used. As shown in Table
S2, antiglaucoma medications and sample size varied and could
have been a source of heterogeneity. The diagnostic criteria for
POAG differed among the included studies, which might have led
to diagnostic bias; definitions were based on a combination of
glaucomatous visual field loss and optic disc abnormalities in most
studies, with various criteria and cutoff points (Table S2). In
addition, the interpretation of CDI measurements may be
operator dependent and it is possible that this is reflected in the
heterogeneity. Means of sensitivities, specificities and positive
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Figure 10. Results of Rl in SPCA. Rl was significantly increased in SPCA in POAG eyes.

doi:10.1371/journal.pone.0062723.g010

predictive values for different CDI devices are variable and may
also resulted in heterogeneity in this meta-analysis. We were
unable to conduct regression analysis of the results to explore
study-level factors that might have explained some of the
heterogeneity.

In summary, our data suggest that blood flow velocities were
reduced and RI was increased in all retrobulbar vessels in POAG
eyes. Changes of ocular blood flow are important in the
development of POAG and CDI is therefore a potential diagnostic
tool for this condition.
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